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ABSTRACT 
Historically, the primary justification for building wide-area transmission lines in the 
US and around the world has been based on reliability and economic criteria.  Today, the 
influence of renewable portfolio standards (RPS), Environmental Protection Agency (EPA) 
regulations, transmission needs, load diversity, and grid flexibility requirements drives 
interest in high capacity wide-area transmission.  By making use of an optimization model to 
perform long-term (15 years) co-optimized generation and transmission expansion planning, 
this work explored the benefits of increasing transmission capacity between the US Eastern 
and Western Interconnections under different policy and futures assumptions.  The model 
assessed tradeoffs between investments in cross-interconnection HVDC transmission, AC 
transmission needs within each interconnection, generation investment costs, and operational 
costs, while satisfying different policy compliance constraints. Operational costs were broken 
down into the following market products: energy, up-/down regulation reserve, and 
contingency reserve. In addition, the system operating flexibility requirements were modeled 
as a function of net-load variability so that the flexibility of the non-wind/non-solar resources 
increases with increased wind and solar investment. In addition, planning reserve constraints 
are imposed under the condition that they be deliverable to the load. Thus, the model allows 
existing and candidate generation resources for both operating reserves and deliverable 
planning reserves to be shared throughout the interconnections, a feature which significantly 
drives identification of least-cost investments. This model is used with a 169-bus 
representation of the North American power grid to design four different high-capacity wide-
area transmission infrastructures. Results from this analysis suggest that, under policy that 
 
 
xix 
 
 
imposes a high-renewable future, the benefits of high capacity transmission between the 
Eastern and Western Interconnections outweigh its cost.  A sensitivity analysis is included to 
test the robustness of each design under different future assumptions and approximate upper 
and lower bounds for cross-seam transmission between the Eastern and Western 
Interconnections. 
 
 
 
 
 
 
CHAPTER 1. OVERVIEW 
1.1. Introduction 
Since 1949, high-capacity inter-regional transmission lines have been built across the 
contiguous United States to meet reliability criteria, move low cost generation to the load 
centers, and maximize the benefits of load diversity (McDaniel & Gabrielle, 1965).  The 
increasing demand for electricity in the East and West coasts, the de-regulation of the electric 
power industry, and the expansion of Regional Transmission Operators (RTOs) have shaped the 
evolution of the US electric power grid.  In recent years, high-capacity transmission projects 
(e.g., transmission lines with voltage levels above 345-kV) have also been built from the 
Midwest towards the East coast and from New Mexico and Colorado to the West coast to meet 
increasing demand within the region, optimize the operation of local generation resources, and 
enhance the reliability of neighbor areas. This trend is expected to continue under the assumption 
that renewables will become one of the primary sources of electricity generation in years to 
come. 
Although major wide-area AC transmission expansion above 345-kV have been built 
during the past 50 years, the US electric power system operates asynchronously as a whole, and 
limited transmission is available between the Eastern Interconnection (EI), Western 
Interconnection (WI) and the Texas Interconnection (ERCOT). Today’s transmission capacity 
between the EI and WI interconnections is 1,320 MW, roughly 0.5% of the total transmission 
capacity (about 1,100 GW) in the US in 2016.  This “cross-seam” transmission capacity is 
comprised of seven HVDC back-to-back (B2B) interties located at the Seams of the US grid, as 
illustrated in Fig. 1.1. 
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Figure 1-1: B2B HVDC Facilities between the EI and WI (Image used with permission from NREL) 
 
There has been growing interest in strengthening the cross-seam transmission between the 
EI and WI as a cost-effective technological option to reduce CO2 emissions, enhance the grid’s 
reliability (the ability of the system to withstand the most credible set of generation and 
transmission contingencies) and resiliency (the ability of the system to recover from a 
catastrophic event, e.g. hurricane, in a short amount of time), and to facilitate the implementation 
of state-level renewable energy policies (DSIRE, 2017).  Driven, in addition, by FERC’s Order 
1000 (FERC, 2016), this interest has highlighted the need for a collaborative effort towards the 
planning and operation of the future electric power grid.   
Efforts towards the conceptualization of the idea of increasing capacity between the EI and 
WI have set the path for further research on wide-area transmission.  Preliminary studies suggest 
that increasing capacity between the Eastern and Western interconnections creates economic 
value while keeping adequate levels of the system’s reliability (Osborn, 2014), (Li & McCalley, 
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2015), and (Krishnan, et al., 2013). These efforts have also shown that the cost of 
accommodating significant amounts of renewable energy over a large footprint can be 
significantly reduced if additional transmission is built from the Midwest towards the East and 
West costs. Although increasing capacity between both interconnections will require major 
upgrades to the existing underlying AC transmission grid (Caspary , et al., 2015), recent studies 
and proposed projects (e.g., Clean Line Energy, Tres Amigas) have confirmed initial findings; 
that the benefits of a well-designed wide-area transmission infrastructure outweigh its costs, thus 
justifying further research on this topic (Li & McCalley, 2015), (Corcoran, et al., 2012).  
1.2. Motivation for exploring the economics of wide-area transmission 
 
 
Although there is a rich literature on the topic of wide-area transmission expansion 
planning, including the development of conceptual transmission overlays at the national level 
(McDonald, et al., 2016), (Osborn, 2014) and (Li & McCalley, 2015), little is known about the 
implications of net-load diversity and capacity sharing on cross-interconnection transmission.  
Weather-related and time-zone differences are among the principal sources of net-load diversity 
in continent-wide interconnections.  In this work, net-load diversity is defined as the difference 
between the maximum net-load during the year of one area and the load of that area when a 
neighbor area is peaking.  Figure 1.2 illustrates the concept of net-load diversity using a two-area 
system as an example. 
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Peak 1
Peak 2
Net-load 1
Net-load 2
Net-load 2 
@ Peak 1
Net-load 1 
@ Peak 2
Net-load Diversity 1à 2
Net-Load Diversity 2à1
Area 1
Area 2
 
Figure 1-2: Conceptual representation of net-load diversity 
 
In (Osborn, 2014)1, the historical net-load diversity in the contiguous US was estimated to 
be 30,000 MW. These investigations provided insight on the drivers behind wide-area 
transmission expansion.  However, the economic implications of the energy-capacity 
interactions on investments in generation and transmission resources when the asynchronous 
interconnections are allowed to share planning reserve margin (PRM) obligations and operating 
reserves haven’t been explored.  Today, new computational tools are available to combine high-
fidelity models and study the effects of different modeling features (e.g., net-load diversity) on 
investments in transmission and other resources.  
This work combines previous work on wide-area transmission and implements a design 
process for the development of hybrid HVDC/HVAC designs and exploration of the economic 
benefits of continent-wide transmission infrastructures. By characterizing net-load diversity 
                                                
1 The value of net-load diversity is derived from the generation capacity deferred by transmission. For 
example, a 30,000 MW of net-load diversity represents the amount of generation that will not be needed if 30,000 
MW of transmission is build. 
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using historical load diversity data, accounting for net-load diversity and capacity sharing within 
a co-optimization framework, and modeling the capacity contribution of wind and solar 
generation during non-coincident peak-load times, this work contributes to the understanding of 
capacity sharing opportunities in wide-area interconnections. 
1.3. Objectives of this dissertation 
The overall objective is work is to develop and use an optimization model to perform long-
term (15 years) co-optimized generation and transmission expansion planning, to explore the 
benefits of increasing transmission capacity between the US Eastern and Western 
Interconnections under different policy and futures assumptions.  In order to achieve this goal, 
four wide-area transmission designs for the contiguous US were developed.  These designs are 
characterized as follows:  
• Design 1: No B2B upgrades: This design serves as a reference case for the three other 
designs. Capacity expansion of the existing B2B interties is not allowed.  A CEP plan 
is developed for each interconnection assuming that only 1,320 MW of transmission 
can be transferred between the EI and WI. 
• Design 2a: B2B upgrades: The capacities of all seven B2B interties between the EI 
and WI are allowed to be increased, as long as the added transmission enables 
economic benefits that exceed its costs.  
• Design 2b: Upgraded seams: In addition to allowing all seven B2B interties to 
increase in capacity, three new HVDC lines above the existing underlying AC system 
and upgraded B2B interties are also allowed to be expanded. 
• Design 3: Macro-grid overlay: This design uses the Mid-Continent Independent 
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System Operator (MISO) macro-grid overlay as presented in (Osborn, 2014). In this 
design, the existing B2B HVDC interties are not upgraded.  This design is unique in 
its capability to withstand the loss of one “cross-seam” transmission line (N-1).  
Although each design is unique from a configuration perspective, the design process 
adopted for this work is the same for all four designs. A graphical representation of each design 
is shown in Fig. 1.3. The lines internal to each respective interconnection represent the nature of 
expected AC transmission investment necessary to facilitate the HVDC cross-seam design. There 
are three particular points, relative to these diagrams, that need attention.  
1. The figures indicate the locations for the highest quality wind (Midwest) and solar 
(South) resources in the US. The implication is not that a renewable-rich future is preferred in 
this study in spite of its economics; rather, it is preferred because of its economics. That is, 
today's existing and expected future technology costs indicate that the most economically 
attractive new energy investments are wind and solar, with natural gas also being in the mix in 
order to provide planning capacity, operational flexibility, and, depending on fuel price 
assumption on CO2 cost, some energy.  
2. Expansion of transmission interconnections with the region of the US operated by the 
Electric Reliability Council of Texas (ERCOT) were not considered in this study. Although it is 
possible, even likely, that such expansion may offer significant benefits to EI, WI, and ERCOT, 
these potential benefits were not studied in this work in order to limits its scope to that 
achievable within the time and resources available. 
3. All cross-seam transmission (existing and added) is HVDC. Cross-seam AC 
transmission was not considered because it would synchronize what are now two asynchronous 
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grids, and, causing exposure to resulting stability issues, would significantly limit the flexibility 
of choice in capacity and location offered by use of HVDC. 
 
Figure 1-3: Conceptual representation of the four designs studied in this dissertation 
 
In particular, the specific objectives of this research were to:  
1) Develop an analytical CEP model that accounts for diurnal net-load diversity, annual net-
load diversity, capacity sharing and deliverability, and operating reserves sharing. 
2) Develop a database for the US Eastern and Western Interconnections, which include 
existing and candidate generation/transmission operational and investment data. 
3) Develop four base designs for the US grid without and with capacity sharing 
opportunities, assess the implications of base assumptions on investments, and assess and 
compare the economic performance of the four designs. 
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4) Evaluate the robustness of each design by performing model-level sensitivities on the 
number of energy blocks, the number of peak blocks and the number of transmission 
candidate lines and quantify the robustness of each design to gas prices and policy 
uncertainties.  
1.4. Organization of this dissertation 
This dissertation is organized as follows:  
 
Chapter 2: This chapter includes a review of the most relevant studies related to wide-area 
transmission in the US and around the world.  Special emphasis is given to the studies that 
span the US Eastern and Western Interconnection.   
 
Chapter 3: The formulation of the CGT-Plan used in this dissertation is presented, together 
with the additional features developed in this work.  
 
Chapter 4: This chapter includes a description of the database development, design process 
and study framework used for the US Seams Interconnection Study. 
 
Chapter 5: The results from base designs are described and assessed.  The differences in 
the resulting co-optimized infrastructures designs are described.  
 
Chapter 6: This chapter compares the results from the previous chapter under current 
policy conditions. Current policy, consistent with two highly influential environmental 
policies in place today, imposes state-by-state renewable portfolio standards (RPS) but not 
impose a CO2 cost.  
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Chapter 7: The robustness of the model is tested in this chapter.  Results are provided in 
terms of the impact, relative to the base designs, on generation and transmission 
investments. 
 
Chapter 8: This chapter summarizes the major findings of this dissertation, and it identifies 
future work useful in conjunction to understand the costs and benefits of building high-
capacity cross-seam transmission. 
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CHAPTER 2. PREVIOUS WORK ON WIDE-AREA TRANSMISSION PLANNING 
This chapter includes a summary of the most recent work related to wide-area transmission 
planning. Special emphasis is given to studies conducted for the contiguous United States and 
electric boundaries. The literature review presented in this chapter includes the modeling 
techniques, data assumptions and major findings from each study. 
2.1. Wide-area transmission studies around the world 
In (Lumbreras & Ramos, 2016) and (Pache, 2015), the technical, economic, and policy 
aspects of achieving large amounts of wind and solar generation in Europe was studied. As part 
of the 2050 Pan-European Transmission System project, the authors developed an enhanced 
methodology to design a wide-area transmission grid capable of moving wind and solar 
generation across Europe. The methodology included a mixed-integer linear programming 
(MILP) model for the development of different transmission overlays, an algorithm to define 
candidate transmission lines based on congested paths, and treatment of uncertainty.   
In Canada, General Electric (GE) evaluated the technical feasibility of integrating large 
amounts of wind generation into the Canadian electric power system (General Electric 
Consulting, 2016). The study concluded that 4.6-4.8 GW of additional inter-regional 
transmission is required to accommodate 35% of the wind penetration in Canada. Interestingly, 
the study concluded that for every 1 MWh of additional wind generation in Canada, energy 
exports from Canadian provinces to the USA increase by 0.5 MWh. Furthermore, CO2 emissions 
decreased by half in the Business as Usual scenario. The study did not consider transmission 
expansion to the US, although it did account for the existing net-exchange transmission capacity. 
The Super Smart Grid concept was proposed in (Battaglini, et al., 2009). The authors argued 
that combining wide-area power generation and decentralized power generation, two 
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philosophical views of future network architectures that are usually presented as mutually 
exclusive, are technically and economically feasible in a future dominated by renewables. Also 
in Asia, Taggart et. al. (Taggart, et al., 2012) presented the Pan-Asian Energy Infrastructure, 
which included China, Australia, Mongolia, and Vietnam. The study evaluated the technical 
feasibility of connecting these countries with HVDC transmission using undersea cables. 
Although the authors neglected intra-regional transmission, the cost of integrating large amounts 
of wind and solar at each country was accounted for. Results show that savings up to $6B US 
dollars can be achieved at the 30% wind and solar penetration levels. 
Wide-area interconnection studies have also been conducted in South Asia and Australia.  
One of the most relevant studies was published in (Andrew, et al., 2017). The authors proposed a 
4,500 km HVDC backbone infrastructure connecting 12 contiguous Southeast Asian countries. 
The study concluded that a third of the 2050 demand could be met from Australian solar energy, 
large-scale pumped storage, and HVDC transmission. The levelized cost of electricity (LCOE) 
was estimated to be $0.08/kWh in 2050 in Australia and $0.077 in South East Asia. This 
represents a slight increase from today’s prices in Australia and South East Asia’s coal-
dominated infrastructures.  Meanwhile, in North Asia, (Bogdanov & Breyer, 2016) studied a 
scenario with 100% renewable generation in North Asia. One of the main findings from this 
study was the comparison made between a network infrastructure with high local storage 
deployment and one with high HVDC interregional transmission. The authors concluded that if 
political boundaries are neglected HVDC transmission resulted in the most economic option. 
2.2. Wide-area transmission studies in the US 
Wide-are planning studies in the US can be classified in two main groups: interconnection-
level studies and cross interconnection-level studies. The common topic amongst these is the 
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utilization of transmission to move wind energy from the Midwest and solar energy from the 
Southwest to the load centers in the East and West parts of the contiguous US.  Phase 1 of the 
Western Wind and Solar Integration Study (National Renewable Energy Laboratory, 2014) 
explored the benefits of integrating 35% of renewables in the Western Interconnection. A total of 
69.48 GW of new wind and 13.2 GW of new solar capacity, and 17 GW of new HVDC 
transmission were proposed for the 30% scenario. 
Although (Ho, et al., 2015) and (Munoz, et al., 2014) focused their work on quantifying  the 
benefits of using stochastic programming models for the WECC system, the authors also tested the 
modeling features that have the most impact on investment decisions. The main modeling features 
tested was the number of scenarios, number of candidate lines, number of operating blocks and 
number of buses. The authors concluded that including Kirchhoff’s Voltage Law (KVL) constraints, 
unit commitment considerations and a larger number of candidate lines increase the fidelity of the 
results while keeping the simulation computationally tractable. In (WECC, 2016) a 300-bus 
representation of the WECC model for 10-year CEP studies was presented. The author used 
aggregation techniques to reduce the 2026 TEPPC model and pro-posed an algorithm based on 
triangulation for the filtering of transmission candidate lines. The effects of increasing wind and 
solar penetration in WECC by 33% on transmission requirements were explored in (Mills & Amol, 
2010). The estimated cost of new transmission was between $22-34 billions.  Other studies from 
WECC also explored the effect of achieving a $1/Watt investment cost for solar on the WECC 
system, concluding that $20 billion of savings were possible on an annual basis from 2010-2050 
under a carbon tax assumption. 
In 2010, the EIPC (Eastern Interconnection Planning Collaborative (EIPC), 2011) quantified 
the cost and benefits of building a 765-kV together with an HVDC overlay across the EI to 
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accommodate higher levels of wind generation. The study used a sequential generation first, and 
then transmission expansion approach. More recently, Spyrou et. al. (Spyrou, et al., 2016) 
showed the benefits of co-optimization using a 24-bus representation of the Eastern 
Interconnection. In particular, the author discussed the advantages of using co-optimization 
models to explore the implications of building high transmission capacity between the Midwest 
part of the US (Midcontinent ISO and Southwest Power Pool) and the East coast. The model 
showed how investment decisions about different wind resources and the necessary transmission 
enhances the planning process. KVL constraints were considered and a 20-block representation 
was used to approximate production cost implications. As a follow-up study on co-optimized 
expansion planning using the EISPC database, You et. al. (You, et al., 2016) built upon the EIPC 
study to quantify the benefits of co-optimization for CEP studies. The authors found that the 
diversity of wind decreases the total transmission capacity requirements, and increasing the 
granularity of operating blocks decreases the value of new transmission on the EI. A 
transportation model was used to represent transmission. One of the most relevant 
interconnection studies conducted for the EI can be found in (Bloom, 2016). Bloom et. al. 
reported on the results of the Eastern Renewable Generation Integration Study (ERGIS), one of 
the largest studies performed for the Eastern Interconnection. In this dissertation, we make use of 
the datasets developed for ERGIS to represent the generation fleet of the US EI. 
A sequential GEP-TEP for the contiguous US was performed in (Corcoran, et al., 2012). The 
authors concluded that load diversity alone does not justify major transmission expansion. The 
study only included load diversity as the value driver for transmission expansion and neglected 
the contribution of wind and solar generation.  Krishnan et. al. (Krishnan, et al., 2013) quantified 
the benefits of building a national transmission overlay for the contiguous US. The study 
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concluded that savings in the quarter trillion range could be achieved over a 40-year period 
under high renewable penetration scenarios. The authors used a sequential optimization model to 
expand generation and transmission. Also, the model did not consider KVL constraints, or the 
operational effects of renewables on reserve requirements. 
At the Midcontinent Independent System Operator, Osborn (Osborn, 2016) developed an 
HVDC overlay for a large part of the contiguous US. The HVDC Macro-grid overlay consists of 
15GW of transfer capability between the WI and EI. A single pole N-1 contingency criteria was 
used to guarantee the self-contingency of the design. The main value driver for the HVDC 
Macro-grid is the annual load diversity, and capacity sharing assumptions for planning reserve 
margin compliance.  Li and McCalley (Li & McCalley, 2015) developed a high-fidelity 
transmission-planning model to study hybrid HVDC/HVAC transmission designs for the 
contiguous US. An algorithm based on minimum spanning tree was developed to filter candidate 
lines with economic and reliability potential. The authors concluded that approximately 10GW 
of new seam transmission was necessary to accommodate 800GW of inland wind and 200GW of 
solar by 2050. 
2.3. Seams Interconnection Studies in the US 
In the 20th century, several studies were performed to evaluate the feasibility of increasing 
capacity between the three main US interconnections. Although all these studies provided US 
regulators and decision-makers technical understanding of the benefits of increasing capacity 
between the Eastern and Western interconnections, optimization techniques were not mature 
enough at that time for evaluating the long-term economics of these options. 
In 1979, Taylor (Taylor, 1979) reported on the interconnection of Eastern and Western North 
American Power Systems in the early 1980's. The study evaluated the transient stability 
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performance of the integrated WI-EI system with 500 MW of transfer capability. The voltage 
support provided by coal- red generation units and adjacent transmission capacity were among 
the major findings under a 600 MW loss on the WI side together with 500 MW loss of cross-
interconnection capacity. The authors recommended pursuing studying larger power transfer 
between interconnections. 
The Western Area Power Administration (Western Area Power Administration (WAPA), 
1994) studied the effects of synchronizing the EI and WI using 1 GW of bi-directional transfer 
capability. Finally, Abraham (Abraham, 2002) used a transportation model to identify major 
transmission bottlenecks and propose technological (e.g., investments) and non-technological 
(e.g. regulations) options to relieve them. This DOE-funded project proposed the use of market-
based transmission solutions to drive investments in new transmission. 
2.4. Ongoing wide-area transmission studies in the US 
Today, there are several ongoing studies, e.g., (National Renewable Energy Laboratory, 
Ongoing) and (NREL, Ongoing) having similar objectives. The North America Renewable 
Integration Study (NARIS) and the Interconnect Seams Study are two studies being run in 
parallel with the objective of studying the optimal transmission required to maximize the use of 
the most economic resources in the US. This dissertation was part of the Interconnect Seams 
Study (NREL, 2017). 
 
 
 
 
 
 
CHAPTER 3. CGT-PLAN: MATHEMATICAL FORMULATION AND MAIN 
MODELING FEATURES 
The U.S. electric power transmission grid is arguably the single largest and most 
complex machine in the world. Although the process of deciding where, how much, and 
when new generation and transmission capacity are required to meet a particular objective 
involves a broad range of non-engineering disciplines, including economics and social 
sciences (McCalley , et al., 2013), the design processes that precedes the decision making 
phase is typically assessed by means of capacity expansion models (CEP). The latter helps 
decision makers explore the economic implications of a particular policy on investment in 
transmission and other resources and can also inform the planner about potential reliability 
issues. By minimizing the net present worth of all new transmission and generation 
resources, including the operating and maintenance cost, the general CEP is capable of 
determining the optimal combination of resources required to meet a particular objective, 
such as an environmental regulation, under a set of constraints (e.g. Kirchhoff’s voltage and 
current laws, design criteria, etc.). In general, the most used CEP models can be classified as:  
1. Linear programming 
2. Mixed-integer linear programming 
3. Dynamic programming 
4. Non-linear mixed integer programming 
5. Stochastic programming 
6. Multi-objective 
7. Economic-energy interactions 
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8. Integrated investment-financial 
The decision of which model to use for long-term planning studies depends on the 
objectives of various organizations (e.g. Federal power authority, investor owned utility 
(IOU), regional transmission operator (RTO), municipal utility, Coop), the locational 
granularity requirements (e.g., nodal, zonal), the study framework (economic-based, 
reliability-based, financial-based, engineering-based, hybrids), among other considerations 
(e.g., market interactions). For example, the federal power authority may want to make 
decisions to maximize social welfare, while an IOU will aim at maximizing the rate of return 
of an investment. An example of a social welfare model is the US Energy Information 
Administrator (EIA) capacity expansion model. The EIA model makes use of econometric 
and financial concepts and provides information about existing and future trends related to 
the electric power industry. A common denominator in traditional CEP models is that 
generation and transmission are optimized sequentially.  That is, generation is optimized first 
to identify the optimal location, and then transmission is added to optimize the operation of 
the generation fleet.   
In recent years, the sequential approach has been challenged by the development of 
new programming models and algorithms (Spyrou, et al., 2016). Co-optimization models are 
currently being tested, where generation and transmission infrastructures are simultaneously 
optimized using a single analytical formulation.  The economic benefits of generation and 
transmission co-optimization range from $10-100 billions.  In (Krishnan, et al., 2016), the 
authors presented a summary of the methodologies and mathematical formulations used for 
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co-optimized expansion planning studies.  In the next section, the CGT-Plan model used in 
this work is presented.  
This chapter is organized as follows. Sections 3.1 and 3.2 include the mathematical 
formulation of the CGT-Plan.  In Section 3.3, a description of the variability model adopted 
for this work is discussed, including a study to support the assumptions about reserves 
modeling within CEP models.  
3.1. Mathematical Formulation 
The general objective of a least-cost CGT-Plan model is to minimize the net-present 
value (NPV) of new generation technology h represented by the continuous decision variable 
CNew, new transmission technology k represented by the continuous decision variable TNew, 
retired generation represented by the continuous decision variable CRet, the production cost 
of generation resources, represented by the continuous decision variable P, the provision cost 
of regulation up, regulation down and contingency reserves, represented by variables RR+, 
RR+, and CR, and the fixed and variable operation and maintenance cost of new and existing 
generation resources, denoted by parameters FOM and VOM. The model is extended to 
multiple time periods by defining two new variables: y, which represents a single year, and 
Ny, representing the total planning horizon (15 years). The problem is formulated as a linear 
programming model (LP), where the NPV of two different yet related resources are 
simultaneously minimized within one optimization formulation. The objective function of 
the general multi-period CEP, for multiple regions, is given by (3.1)-(3.9). 
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3.2. Extended Objective Function 
The objective function is further extended to account for the maturation rate, regional 
multipliers, and end-effects. In this work, we use the capital expenditure (CAPEX) for new 
generation resources to represent the total cost required to achieve commercial operation and 
a social discount rate to calculate the annual costs.  Also, a decommission cost is included to 
represent the disposal of plant’s equipment and cleanup of land, as shown in Eq. (3.3).  In 
this work, the decommission cost of bulk conventional generation (several generation units 
aggregated into a single bus), is assumed to be negligible.  Under this assumption, the 
retirement decision is mainly driven by the capacity factor and FOM. That is, if the NPV of a 
generation technology is less than the FOM, the model will identify this condition as “more 
economic” than keeping the technology underperforming.  However, if a generation 
technology is able to provide capacity to meet operating and planning reserves requirements, 
the model will keep these for reliability considerations.   
The general CEP formulation can be modified to account for end effects by assuming an 
infinite horizon after the last year of the simulation (perpetuity), Ny. Perpetuity is a stream of 
equal cash flows that occur at regular intervals and last forever. This modification guarantees 
that the production cost of generation technologies with low investment cost is correctly 
accounted for in the final years of the planning horizon.   
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3.3. Constraints 
The objective function is subject to the following constraints. Equation (3.10) represents 
the nodal power balance, using a linearized DC power flow network model. The total 
cumulative generation capacity on each year, Cygh, is included into the problem formulation 
as an equality constraint, as shown in (3.11), and its corresponding initialization is defined by 
(3.12). In order to account for the fact that wind and solar resources cannot provide full 
power output during some instances of time, a capacity factor inequality constraint (3.13), in 
terms of parameter CF, is included. Also, dispatch variable P is bounded by its minimum 
stable limit, as shown in (3.14).  In this work, the minimum stable limit is assumed to be zero 
for all generation technologies.  This assumption is consistent with commercial-grade GEP 
models. However, an additional set of constraints is included to account for the ancillary 
services component of the operating costs.  
Equations (3.15)-(3.20) represent the operating reserves requirements as a function of 
load, wind and solar variability and corresponding ramp-rate constraints, as implemented in 
(Krishnan, et al., 2013). Finally, Eq. (3.21)-(3.22) represent the transmission constraints 
(KLV and thermal limit).  In this dissertation, the impedances of existing paths are assumed 
to be constant.  This assumption enhances the fidelity of the transportation model but still 
underperforms compared to the MILP formulation presented in (Li & McCalley, 2015). 
Finally, Equations (3.23)-(3.24) limit the new generation and transmission capacity and Eq. 
(3.25) defines all decision variables to be positive. 
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Minimize: 
Capital Expense of New Generation Resources 
ζ
h
Nh
∑
g
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∑ *CAPEX (h)*RM (g,h)*CyghNew
y
Ny
∑
      (3.1) 
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+ ζ
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∑
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∑ * IC(k,t)*RM (k,t)*TyktNew
      (3.2) 
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Fixed Operation and Maintenance Cost of New and Existing Generation Resources 
* ( )*
Ny Ng Nh
ygh
y g h
FOM h Cζ+∑∑∑
        (3.8) 
Fixed Operation and Maintenance Cost of New and Existing Generation Resources 
* ( )*
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y g s h
VOM h Pζ+ Δ∑∑∑∑         (3.9) 
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Regulation-Down Reserve Requirement 
1
1 1
* , ,
G Nh
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     (3.16) 
Contingency Reserve Requirement 
1 1
* ( , , ) , ,
G Nh
ysgh E k
g h
CR D y s g y h s S g Gγ
= =
≥ ∀ ∈ ∧ ∈∑∑
    (3.17) 
Regulation-Up Reserve Ramp-rate Requirement 
1 , ,minysgh h ygh ERR rr C y h s S
+ ≤ ∀ ∈        (3.18) 
Regulation-Down Reserve Ramp-rate Requirement 
1 , ,minysgh h ygh ERR rr C y h s S
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Contingency Reserve Ramp-rate Requirement 
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Kirchhoff’s Voltage Law  
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Total Transmission Capacity 
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Maximum New-Transmission Capacity 
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: , , , , , , 0New Ret Newygh ygh ysgh ykt ysgh ysgh ysghBounds C C P T RR RR CR
+ − ≥     (3.35) 
3.4. Modeling the effects of renewables variability on operating reserves within 
CGT-Plan 
Assuming that forecasting errors are independent and normally distributed the total 
regulation up and down requirements can be represented as the square root of the sum of 
load, wind and solar variances. The appendix includes the linearization of Eq. (3.15) and 
(3.16). Figure 3-1 shows a comparison between the non-linear and linear approximation of 
the reserves requirements and its relationship with actual market data gathered from the BPA 
website.  Although Krishnan’s approach tends to overestimate reserves requirements, the 
linear approximation performs better than the non-linear relationship at higher levels of 
renewables.  
 
Figure 3-1: Implications of the linear approximations of reserves requirements  
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 As observed in Fig. 3-1, the linear approximation tends to slightly overestimate the 
reserves requirements under the assumption that the nonlinear approach is the “correct one”. 
In this work, the linear approximation is adopted for the determination of the RHS of Eq. 
(3.15) and Eq. (3.16), under the assumption that the effect the difference (up and down) 
between approaches will not influence investment decisions in CEP studies at the national 
level.   
Effects of operating reserve requirements on investment decisions 
 In this section, the effects of the methodology described in the previous section on 
generation and transmission investment decisions are explored.  A 28-bus representation of 
the EI is used as a test case.  The complete database and assumptions can be found in 
(Eastern Interconnection Planning Collaborative (EIPC), 2011).  The 28-bus representation 
of the EI is shown in Fig. 3-3.   
 
Figure 3-2: 24-bus representation of the EI grid  
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Benchmarking 
 The CGT-Plan model presented in Chapter 3 was implemented in Matlab as a Mixed-
integer linear programming (MILP) model.  The model was benchmarked against two other 
software; PLEXOS (a commercial-grade software), and JASMINE (an academic-grade 
software developed at John Hopkins University).  Two metrics were used to verify the 
functionality of CGT-Plan: economics and investment decisions. All software makes use of 
similar basic assumptions, but the formulation and implementation techniques are proprietary 
information. This makes it difficult to have an exact comparison. For this reason, the 
benchmarking was done on a high-level basis to test the performance of CGT-Plan.  Tables 
3-1 and 3-2 show the economic summary and investments comparison between software.  
This high-level comparison confirms that CGT-Plan provide results that are consistent with 
PLEXOS and JASMINE. In Tables 3-3 and 3-4, a comparison between the transmission 
investments and retirements is shown.   
Table 3-1: Economics Summary 
Component PLEXOS JASMINE CGT-Plan 
Total NPV 2,465.0 2,266.0 2,404.4 
Gen. Investment Cost 403.0 747.0 367.5 
Tx. Investment Cost 49.6 41.0 58.1 
Production Cost 1,173.0 1,443.0 1,036.3 
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Table 3-2: Summary of generation investments 
Technology PLEXOS JASMINE CGT-Plan 
NGCC 251 218 271.8 
Coal 12.0 8 11 
CT 66 63 83.5 
Hydro 44.0 57.3 44.8 
Nuclear 132.1 135 154.0 
Onshore Wind 302.9 278 272.3 
Offshore Wind 0 0 0 
Pumped Storage 17 17 17.1 
DSM 151 153 148.0 
 
Table 3-3: Cumulative transmission expansion 
 
PLEXOS JASMINE CGT-Plan 
Total 
(transportation model) 
71.6 112.9 76.3 
 
  
 
 
47 
 
 
Table 3-4: Cumulative generation retirements 
 
PLEXOS JASMINE CGT-Plan 
Total 402 432 390.1 
 
Cost breakdown with and without the reserves constraints 
The effects of modeling operating reserves as a function of net-load variability within 
the CGT-Plan model on the economics are shown in Table 3-5. As expected, the objective 
value increases when operating reserves are accounted for.  In particular, more Natural Gas 
Combined Cycle (NGCC) units are built, as shown in table 3-6. The reason is that NGCC is a 
technology option with one of the highest ramp rate and lowest operating cost.  
Table 3-5: Economic summary with and without reserves constraints 
Component w/o Reserves w/Reserves Difference 
Total NPV 2,404.4 2,426.4 1.0% 
Generation 
Investment Cost 
367.5 370.9 8.0% 
Transmission 
Investment Cost 
58.1 57.8 (0.50%) 
Production Cost 1,036.3 1,037.4 0.10% 
Fixed O&M Cost 306.6 306.8 0.07% 
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Table 3-6: Economic summary with and without reserves constraints (continuation) 
Emission Cost 693.2 691.1 (0.33%) 
Wheeling Charges 111.6 116.1 4.0% 
Regulation Cost 0 6.5 N/A 
 
Table 3-7: Differences by technology 
Technology w/o-Reserves w/Reserves % Difference 
NGCC 271.8 278.9 2.6% 
CT 83.5 82.6 (1.1%) 
Onshore Wind 272.3 273.7 0.5% 
Offshore 
Wind 
0 0 0% 
Transmission 76.3 76.0 (0.4%) 
 
 Results from this section provided two insights: 1) including operating reserves in 
capacity expansion planning models increases the cost and capacity requirements, thus 
making generation technologies with high ramping capability such as NGCC more attractive 
than other technologies, 2) transmission investments are decreased because of the need of 
each region to meet operating reserves requirements using local generation resources.  The 
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effect of lifting this assumption and allowing regions to share this reserve is studied in 
Chapters 5-7. 
3.5. Accounting for net-load diversity and deliverability of reserves 
In order to account for the deliverability of generation resources, a new set of power 
balance constraints are defined for the set of peak-load blocks. By adding this constraint, the 
model is allowed to procure the most economic generation resources and at the same time, 
the deliverability of these reserves is enforced.  Equations (3-26)-(3-28) show the additional 
constraints.  
Power Balance Constraint (Peak-load Blocks) 
1
( , ) ( , , )
Ng NgNh Nt
T
ysgh yst
g h t g
P A g t B D y s g s P G G
=
ʹ− = ∀ ∈ ∧ ∈∑∑ ∑ ∑
   (3.26)
 
Maximum Power Output of Generation Resources During Its Own Peak 
(1 ( ))* ( , )* , , ,ysgh yghFOR h P CC g h C y G h s P− ≤ ∀ ∈    (3.27) 
Maximum Power Output of Generation Resources When A Different Regions is Peaking 
(1 ( ))* ( , )* , ,ysgh yghFOR h P CF g h C y h s P G Gʹ− ≤ ∀ ∈ ∧ ∈/     (3.28) 
 
An illustrative example is shown below to describe the differences between traditional 
modeling of PRM constraints and the approach developed in this dissertation. In Fig. 3.3, 
both transmission and generation resources are allowed to be build.  Only the coincident 
peak-load block is used for the expansion planning simulation.  Two other cases are included 
to study the effects of modeling capacity sharing within CGT-Plan.  In case 1, local resources 
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must meet the PRM requirement. The investment cost of new generation is assumed to be 
$700,000/MW, and for transmission is assumed to be $3,000,000/MW.  The existing 
capacity of line 1-2 is 1 GW, line 2-3 is 5 GW and line 3-1 is 0 GW.   Also, a load diversity 
value is assumed for each pair of regions.  The load diversity between areas 1-2 is 6 GW, 2-3 
is 6 GW and 3-1 is 8 GW.  The operational, load and cost assumptions for each region are 
shown in Fig. 3.3.  Table 3-8 shows a summary of the results.  As expected, no transmission 
is built in the first two cases.  In case 1, the regional PRM is a hard constraint and using 
transmission is not an investment option.  Although building new transmission is an option in 
Case 2, is more economical to build new generation in the area with the cheapest production 
cost.  When load diversity is accounted for, and when deliverability is enforced, the model 
makes use of new transmission to facilitate capacity sharing between areas.  Figures (3.4)-
(3.6) show the resulting power flows for each Case. 
Table 3-8: Summary of results (3-bus system) 
Examples Planning Cost (B$) New Gen New transmission 
Case 1 9.8517 14,000 MW - 
Case 2 8.4517 12,000 MW - 
Case 3 1.8094 - 5,000 MW 
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Figure 3.3 shows a conceptual representation of the 3-bus test system.  It includes the 
operational and cost data associated with each bus.  The investment options are: local CT 
generation and new transmission. 
 
Figure 3-3: 3-bus Test System 
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The resulting power flow of Case 1 is shown in Fig. (3.4).  The low production cost 
of Area 2 makes it a net exporter and all areas comply with their own PRM requirements 
using local generation resources. 
 
 
  Figure 3-4: Case 1: Capacity sharing is disabled 
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 When areas 1, 2, and 3 are allowed to share reserves, the power flow patter remains 
the same, but the total planning cost is reduced.  This is due to the fact that the deliverability 
of the PRM is neglected and the operating condition corresponds to a coincidental peak-load.   
 
 
Figure 3-5: Capacity sharing is enabled 
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The inclusion of load diversity and deliverability allows area 2 to increase its export 
capability and reduces the overall planning cost. The new transmission displaces the 
generation that was built in Cases 1 and 2.  
 
 
 Figure 3-6: Case 3: Capacity sharing is enabled and net-load diversity is accounted for 
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Table 3.7 shows the economic and investment summary for each case.  Case 3, which 
accounts for load diversity, deliverability and capacity sharing results in the lowest planning 
cost. Three main conclusions can be drawn from the illustrative example presented in this 
section:  
1. Accounting for load diversity facilitates capacity sharing during non-coincident peak 
load times. 
2. Generation capacity required to meet future PRM obligations is displaced when the 
planning reserve constraint is defined without deliverability. 
3. The model guarantees that capacity will be delivered. 
4. The model accounts for both the energy and capacity requirements. 
The CGT-Plan software developed in this dissertation accounts for the three modeling 
features presented in this chapter: operating reserves requirements, capacity sharing during 
non-coincident peak-load times and deliverability of planning reserves.  A 168-bus 
representation of the contiguous US is presented in the following chapter. This industry-
vetted model is used to illustrate the modeling features discussed in this chapter and quantify 
the economic benefits of increasing transmission capacity between the EI and WI. 
Assumptions about data sources, forecast data, and cost data are also included in the 
subsequent chapter.  
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Table 3-9: 3-bus test system summary 
 
Case1 Case2 Case3 
Investment 
G1 4 GW - - 
G2 5 GW 12 GW - 
G3 5 GW - - 
L1-2 - - 5 GW 
L2-3 - - - 
L3-1 - - - 
Dispatch G1 129 GW 129 GW 127 GW 
Dispatch G2 306 GW 306 GW 329 GW 
Dispatch G3 195  GW 195 GW 220 GW 
Cost 9.8517 B$ 8.4517 B$ 1.8096 B$ 
EENS (N-1) 0 0 0 
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CHAPTER 4. STUDY FRAMEWORK, DATA ASSUMPTIONS, AND DESIGN 
PROCESS 
The study framework adopted for designing the four infrastructures defined in Chapter 1 
consisted of the following four primary tasks: 
1. Development of a CEP model for the contiguous US. 
2. Development of typical operating blocks to approximate the production cost and 
account for the diurnal net-load diversity between regions. 
3. Development of typical peak-load conditions to account for annual net-load 
diversity. 
4. Selection of candidate transmission lines using a simple, yet effective, algorithm 
based on a static CEP model. 
A robustness analysis is included to test the assumptions about the number of energy 
blocks, peak-load blocks and their effect on transmission candidate lines.  
4.1. Database Development 
This section summarizes assumptions on conditions significantly influencing electric 
generation and transmission investment and the associated cost for the US between the years 
2024 and 2038. In addition, this section includes the assumptions on which the “initial” 
conditions are based (these are the conditions for the year 2024).  An overview summary of 
these 2024-2038 assumptions is provided in Section. There are 17 specific assumptions.  
These are shown in Table 4-1.  
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Table 4-1: Summary of assumptions 
# Attribute Assumptions (2024-2038) 
1 RPS DSIRE 
2 CO2 policies $3/MTON/year starting from 2024 
3 Real discount rate 5.7% 
4 Inflation 3% 
5 Demand growth EIPC for EI; E3 for WI 
6 DG growth AEO 2016 
7 Forced generation retirements EIPC for EI; JHU/WECC for WI 
8 Planned generation builds Include only those w/ signed interconnection agreements, consistent with ERGIS/LCGS 
9 Fuel cost forecasts AEO 2016: Hi Gas 
10 Generation investment base costs NREL ATB 2016 
11 Gen investment cost regional multipliers EIPC for EI; WECC for WI 
12 Capacity reserve requirement 12%-18%, varies by region 
13 Technology maturation rates NREL ATB 
14 Transmission technologies available for investment 
DC: 500,600,800kV for LCC; others for VSC 
AC: 345, 500, 765 kV 
15 Transmission base costs Black & Veatch 2014 WECC Report 
16 Transmission investment cost regional multipliers 
EIPC for EI; Black & Veatch 2014 Terrain 
Multipliers for WI 
17 Time Slices 15 energy time slices; 4 peak time slices 
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Existing generation portfolio 
Conventional generation, hydro, and load data corresponding to year 2024 was 
gathered from NREL. Typical capacity factors (CF) and forced outage rate (FOR) values for 
conventional existing generation resources were extracted from the EIA.  Each conventional 
existing generator is energy-limited by its capacity factor and capacity limited by a weighted 
averaged forced outage rate. 
Initial 335-bus model of the US grid 
Western Interconnection Model  
Gaussian elimination was used to create a reduced network equivalence of the TEPPC 
2026 power flow case. 260 buses were selected and preserved, to preserve some of the key 
paths in the WECC region, as defined in TEPPC 2026. Gaussian elimination creates 
fractional mapping, such that load and generation of an eliminated bus is distributed in 
fractions to the preserved buses. The fractional mapping was used to relocate load of 
eliminated buses in fractions, whereas the highest fraction was selected to relocate generation 
of eliminated buses integrally. Dr. Hussam Nosair developed the code and the 260-bus model 
for the WI. 
Eastern Interconnection Model 
The network topology of the Eastern Interconnection was gathered from the 
Midcontinent Independent System Operator (MISO). A total of 61 buses representing control 
areas and/or balancing authorities and 7 buses representing existing B2B ties with WECC 
were defined. The software TARA was used to calculate transfer limits between connected 
buses under N-1 conditions. Finally, equivalent impedance was estimated for each interface 
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based on knowledge of voltage level connecting each pair of regions. We assumed that the 
transmission infrastructure in 2024 would comply with minimum design standards. Figure 4-
1 shows the 335-bus representation of the contiguous US. 
 
 
Figure 4-1: Initial 335-bus representation of the US grid 
 
Reduced 169-bus model of the US grid 
In order to improve the computational time, an additional reduction was performed to 
the WI model. Figure 4-2 shows the reduced 101-bus WI model.  The 61-bus EI model 
shown in Fig. 4-3 was preserved. 
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Figure 4-2: Aggregated model of the WI 
 
 
Figure 4-3: Aggregated model of the EI  
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Wind and Solar Profiles 
Hourly wind, solar, and hydro shapes were provided from NREL. The wind profiles 
make use of the newly developed WindToolkit, which includes more than 100,000 locations 
for the contiguous US. A unique feature of this database is that all profiles correspond to 
100-m towers.  The use of wind profiles adjusted to 100-m results in more sites with good 
resource potential, as shown in Fig. 4-4. Solar profiles were gathered from NREL. 
 
Figure 4-4: 80-m vs.100-m Wind Sites 
Clustering of wind and solar sites 
The process developed for grouping wind and solar sites was based on using GIS 
mapping information to map wind and solar sites to the closest CEP bus. Figure 4-5 shows 
the wind and solar clusters used to approximate the resource potential within each region.  
This data was then used in the CGT-Plan model as a parameter to limit the amount of wind 
and solar investments on a per bus basis.   The process used the minimum-distance algorithm 
and a fixed radio of 30 miles to differentiate between buses.  
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Figure 4-5: Wind/Solar Clustering 
Renewable Portfolio Standard (RPS) 
 A state level renewable portfolio standard (RPS) is used for this study.  The information 
about RPS targets and the contribution requirements from each renewable generation 
technology was gathered from (DSIRE, 2017), as shown in Fig. 4-6. Two additional steps 
were required to map state-level RPS percentages to the corresponding bubble.  The 
following list describes the mapping and allocation process: 
1. The geographical location of each bubble was used to map group of bubbles with its 
corresponding state.  
2. The RPS requirement for each state was broken down into n-years, where n represents 
the difference in the number of years between the year of the RPS target and the first year 
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of the planning horizon (2024).  For example, the state of CA has a 50% RPS 
requirement by 2030.  This requirement was broken down into 7 RPS requirements that 
increase linearly at 3% per year starting with 33% in 2024 and ending with a 50% in 
2030.  It is also assumed that years in the planning horizon beyond the RPS target will 
have a fixed RPS requirement, equivalent to the RPS target. 
3. The RPS requirement is modeled as an equality linear constraint at the state level.  Each 
group of bubbles within a state is required to generate a specific percentage of the total 
demand with renewable resources. Fig. 7 includes the RPS allocation by year. 
 
 
Figure 4-6: RPS Map per State 
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Figure 4-7: Allocation of RPS per year 
CO2 Tax Policy 
Carbon tax is assumed to be along the lines of Initiative-732 by the state of 
Washington, which proposed to impose a carbon tax of $3/MMTCO2/yr.  Even though the 
initiative was rejected, it provides a direction in which carbon taxes may be headed and 
remains a good model for other states to try and replicate.  
Real Discount Rate 
Taking a cue from the Regional Energy Deployment System (ReEDS) by NREL, real 
discount rate is assumed at 5.7%. 
Inflation 
Inflation is assumed at 3%, consistent with assumptions made in the NREL 
Renewable Electricity Futures Study. 
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Demand Growth 
The expected rate of demand growth and peak demand growth were obtained in 
percentages from EIPC modeling assumptions for the EI and from E3 for the WI (Eastern 
Interconnection Planning Collaborative (EIPC), 2011). Data for the EI was available per 
NEEM region (Table 4-2) which was then mapped to the MISO 68-bus model. Similarly, 
data for the WI was available per state (Fig. 4-9), which was then mapped to the 101 WI 
buses. Mapping between the MISO 68-bus model and NEEM regions, and between 101 WI 
buses and the western states was performed by inspection, by overlaying a map of the buses 
on a NEEM regions/western states map, respectively.   
Distributed Generation (DG) Growth 
Distributed generation (DG) is assumed to be a constant parameter that increases at a 
fixed rate, consistent with the 2016 Annual Energy Outlook (AEO). Generation capacity of 
renewable-based DG is assumed to increase at rate of 6.9% per year, and 2.4% per year is 
assumed for natural gas DG as shown in Fig.8.  
 
Figure 4-8: DG Growth Rate 
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Table 4-2: Demand growth assumptions for the EI 
 
 NEEM Region 
2020-2050 Peak 
Demand Growth 
Rate 
2020-2050 
Demand Growth 
Rate 
AZ_NM_SNV_Coal 1.31% 1.31% 
ENT 0.53% 0.53% 
ERCOT 0.65% 0.65% 
FRCC 1.24% 1.24% 
MAPP_US 0.78% 0.78% 
MISO_IN 0.61% 0.61% 
MISO_MI 0.79% 0.79% 
MISO_MO_IL 0.82% 0.82% 
MISO_W 0.78% 0.78% 
MISO_WUMS 0.66% 0.66% 
NE 0.78% 0.78% 
NEISO 0.12% 0.00% 
NonRTO_Midwest 0.49% 0.49% 
NP15 1.00% 1.00% 
NWPP_Coal 0.94% 0.94% 
NYISO_A-F (Note 
A) 
0.51% 0.51% 
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Table 4-3: Demand growth assumptions for the EI (continuation) 
 NYISO_G-I (Note A) 0.85% 0.85% 
NYISO_J-K (Note A) 0.88% 0.88% 
PJM_E 0.67% 0.67% 
PJM_ROM 0.67% 0.67% 
PJM_ROR 0.61% 0.61% 
RMPA 1.27% 1.27% 
SOCO 0.81% 0.81% 
SP15 1.00% 1.00% 
SPP_N 0.91% 0.91% 
SPP_S 0.64% 0.64% 
TVA 0.49% 0.49% 
VACAR 0.96% 0.96% 
ALB 1.41% 1.41% 
BC 0.96% 0.96% 
IESO 0.68% 0.67% 
MAPP_CA 0.78% 0.78% 
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Figure 4-9: Peak load growth rate 
4.2. Development of energy blocks 
In order to capture the diurnal diversity of wind, solar, hydro and load, all time-series 
are shifted to a common time zone and a 5-block representation of a typical 24-hour period is 
used for production cost approximations. This approach is an adaptation from (Short, et al., 
2011). In this work, we use the Eastern Standard Time (EST) zone as the reference. An 
average load, wind, solar, and hydro capacity factors, and a capacity requirement above net-
load to account for regulation and contingency reserves requirements characterize each 
block. Three seasons were defined to capture the annual variation of wind, solar, hydro and 
load: winter (November, December, January, February), summer (May, June, July, August), 
and shoulder (March, April, September, October). These two assumptions led to the 
development of energy blocks which capture the diurnal net-load diversity across the 
different time zones in the contiguous US.  Figure 4.10 shows a conceptual representation of 
the energy blocks. 
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Operating Reserves
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Operating Reserves
Energy requirements
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Figure 4-10: Average energy flow (Base Design) 
4.3. Development of peak blocks 
One-hour duration, non-coincident peak-load blocks are defined for each reserve-
sharing group (RSG) within an interconnection. The number of RSGs plus one determines 
the total number of blocks. The last block represents the coincident peak net-load hour of the 
year for the entire grid. Each peak-load block P  is characterized by the peak-load of the 
RSG that is peaking, an expected load for all others RSGs that are not peaking, a capacity 
credit for the RSG that is peaking and an expected capacity factor for all other RSGs that are 
not peaking. Also, a planning reserve margin above peak is enforced on each RSG peaking. 
The margin of this reserve is different for each region and depends on the regulations of each 
 
 
71 
 
 
region, as defined by NERC. A proportional-based mechanism is proposed in this work to 
allocate load diversity amongst CEP buses. The total capacity that a region can contribute 
towards another region's peak is allocated based on load factors. Mathematically, the load 
diversity is included in the CEP formulation as follows. Once the peak-load date and time of 
each peaking region are identified, the demand of all other RSG (sometime referred as "the 
rest of the world") can be assumed to be the demand of these when a single RSG is peaking 
(1 hour). 
The approach used in (Osborn, 2014) to calculate the historical minimum load 
diversity between RSG is used in this work. A description of the methodology is included 
below. 
1. RSGs are defined based on some desired criteria (e.g. ownership, geographical 
location, RTO).   
2. Net-load is aggregated for each RSG and shifted to a common time zone. 
3. The difference between the peak load of a particular RSG and each individual RSG is 
determined. This difference is defined as net-load diversity (NLD).    
4. The process is repeated for all interconnections.    
5. The minimum NLD between interconnections is saved and defined as bilateral net-
load diversity (BNLD).    
   The process is repeated for every year and the minimum of the 9-year 
available database is saved and defined as the minimum bilateral net-load diversity 
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(MBNLD).  A proportional-based mechanism is proposed in this work to allocate load 
diversity amongst CEP buses.  The total capacity that a region can contribute towards another 
region's peak is allocated based on load factors. Mathematically, the load diversity is 
included in the CEP formulation as follows.  
Alternatively, a representative year can be used to parameterize Eq. (28).  Once the peak-
load date and time of each peaking region are identified, the demand of all other RSG 
(sometime referred as "the rest of the world") can be assumed to be the demand of these 
when a single RSG is peaking (1 hour). In Section 4.2, a comparison between these two 
approaches is presented. Furthermore, sensitivity about the total number of hours used for the 
load diversity calculations is presented. 
4.4. Reduction of transmission candidate lines 
A static CEP model was used to filter candidate lines with economic potential. The 
method consists of the following steps:  
o Step 1: Run a static CG&T-Plan assuming 2024 conditions. 
o Step 2: Run a static CG&T-Plan assuming 2032 conditions. 
o Step 3: Run a static CG&T-Plan assuming 2038 conditions. 
The set of candidate lines to be used in the full simulations is the union of Steps 1-3. 
4.1 Software development 
The illustrative and motivating examples presented in this Chapter were developed 
using a Mixed-Integer Linear Programming (MILP) model developed in Matlab.  Given the 
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complexity of the modeling requirements for the Seams Interconnection Study, the Dr. 
Jahanbani-Ardakani implemented the CGT-PLAN model presented in this chapter in GAMS.  
The author of this dissertation assisted during the coding stage, and contributed as described 
below: 
1. Included a set of constraints to cap the total amount of investments for the planning 
horizon and on a per year basis. 
2. Modified the code to a static CGT-Plan for the determination of candidate lines 
(more on this in the next chapter). 
3.  Modified the code and corresponding input file to change the number of energy 
and peak-load blocks. 
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CHAPTER 5. CO-OPTIMIZED BASE DESIGN RESULTS WITH CAPACITY 
SHARING 
5.1. Introduction 
This chapter includes the results from the Base Designs. The assumptions that are 
unique of this design are: 
 Assumption 1: The regions, as illustrated in Fig. 5-1, are allowed to share capacity to 
meet their own PRM obligations.  
 Assumption 2: A national 3$/MTON/year carbon tax is assumed. 
 Assumption 3: No state-level RPS is enforced. 
The rest of this chapter is organized as follows. Section 5-2 includes the fundamental 
results.  These include an economic summary and an infrastructure comparison between 
designs.  Finally, Sections 5-3 to 5-7 include a discussion of each Design.  
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Figure 5-1: Definition of FERC regions 
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5.2. Fundamental Results 
 Table 5-1 shows the economic results for each design.  A breakdown of the objective 
value is included.  The performance of each design is compared against Design 1 and it is 
included in the “Delta” column.   
Table 5-1: Economic Summary 
ECONOMICS 
NPV $B 
Design 
1 
Design 
2a Delta 
Design 
2b Delta 
Design 
3 Delta 
Line Investment 
Cost 
61.21 73.89 12.68 74.88 13.67 80.1 18.89 
Generation Investment 
Cost 
704.03 703.32 -0.71 696.99 -7.04 700.51 -3.52 
Fuel 
Cost 753.8 738.98 -14.82 737.3 -16.5 736.12 -17.68 
Fixed O&M 
Cost 
455.6 450.2 -5.4 448.95 -6.65 450.23 -5.37 
Variable O&M 
Cost 
64.5 63.9 -0.6 64.27 -0.23 64.39 -0.11 
Carbon 
Cost 
171.1 164.2 -6.9 162.6 -8.5 162.5 -8.6 
Regulation-Up 
Cost 
33.29 31.63 -1.66 29.96 -3.33 26.63 -6.66 
Regulation-Down Cost 4.76 4.52 -0.24 4.29 -0.47 3.81 -0.95 
Contingency 
Cost 
24.41 23.19 -1.22 21.97 -2.44 19.52 -4.89 
Total Non-Transmission 
Cost (Orange) 
2,211.49 2,179.94 -31.55 2,166.33 -45.16 2,163.71 -47.78 
15-yr B/C Ratio (Orange/Blue) - - 2.48 - 3.30 - 2.52 
Perpetuity (post-2038 Op) Cost 61.21 73.89 12.68 74.88 13.67 80.1 18.89 
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 The most relevant economic-related finding is that all designs “pay by themselves”. This 
is shown in the Benefit/Cost ratio row. The benefits are defined as the summation of all 
“delta” terms except the transmission investment cost.  The cost (denominator) is defined as 
the transmission delta. The major value driver is fuel cost, but other components such as the 
carbon cost and operating reserves also influence the value of each design. Design 3 
outperforms other designs, although the difference is small. 
 When looking at the total emissions (Fig. 5-2), there is not a significant difference between designs. Designs 
2a and 2b outperform Design 3 in the early years, but then, Design 3 results in less CO2 emissions.  This is 
mainly driven by solar investments in the EI when the capacity of the macro-grid increases.   
 
 
Figure 5-2: Base Designs - CO2 Emissions 
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In terms of retirements, Design 3 shows a higher amount of gas and oil retirements, 
compared to Designs 2a and 2b.  The ability of Design 3 to “displace” generation capacity 
required to meet PRM on a continent-wide level result in more retirements, and a low 
“creditable capacity” during peak-load times, resulting in more transmission. Table 5-2 is 
included to supports the latter statement.  The total creditable capacity is defined as the 
difference between the invested capacity (de-rated by the capacity contribution of each 
technology) and the total retirements in year 2038.   
 
 
Figure 5-3: Base Designs - Total Retirements 
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Table 5-2: Creditable Capacity 
Design Total Creditable Capacity (MW) 
Delta 
(MW) 
Cross-Seam HVDC 
Transmission (MW) 
Deferred 
Generation/ 
HVDC 
D1 838,487 - N/A N/A 
D2a 809,471 (29,016) 21,045 1.37876 
D2b 792,015 (46,472) 39,073 1.18936 
D3 794,095 (44,391) 20,349 2.18148 
 
5.3. Design 1: No B2B Upgrades 
A geo-map showing new generation and transmission investments is shown in Fig. 5-
4.  Under the assumption that only 1.4 GW of transfer is allowed between the EI and WI, 
each interconnection must supply their load using local generation resources.  Major wind 
investments are observed in the Midwest and West side of the US Seam.  The wind resource 
in both regions is extremely high, e.g. capacity factors above 45%, resulting in high 
investments to supply energy needs.   In addition, a significant amount of transmission is 
observed from wind resources to load centers (e.g., Iowa to Illinois, Minnesota to Chicago, 
Wyoming to Colorado, and from SPP to SERC. A breakdown of the total generation and 
transmission investments is shown in table 5-3. 
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Figure 5-4: Design 1 - Total Generation and Transmission Investments 
Table 5-3: Summary of new investments (Design 1 - Base) 
Technology MW 
Transmission  
AC 228,853 
Transmission DC 0 
Wind 385,804 
Solar 176,906 
Gas 37,289 
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5.4. Design 2a: B2B Upgrades 
In Design 2a, all 7 back-to-back HVDC interties are allowed to be expanded, as shown in 
Fig. 5-5.  Major AC transmission in SPP is required to enable high capacity transfer between 
the EI and WI using existing B2B interties.  A total of 25.6 GW of new B2B capacity 
characterizes this design. In terms of generation resources, the results show that increasing 
capacity in the B2B ties results in more wind investments and less solar in the Eastern 
Interconnection, as shown in Table 5-4.  The breakdown of HVDC capacity per B2B intertie 
is shown in Table 5-5. 
 
 
Figure 5-5: Design 2a - Total Generation and Transmission Investments 
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Table 5-4: Summary of new investments (Design 2a - Base) 
Technology MW 
Transmission AC 251,317 
Transmission DC 25,698 
Wind 392,463 
Solar 171,967 
Gas 35,575 
 
Table 5-5: Total new capacity for each B2B intertie 
B2B Facility MW 
BLACKWATER-ACDC 198.7 
EDDYACDC 2694.6 
LAMAR-ACDC 9330.8 
MC-ACDC 2756.7 
RC-ACDC 3966.1 
SIDNEY-ACDC 907.6 
STEGAL-ACDC 5843.3 
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5.5. Design 2b: Upgraded Seams 
 
Figure 5-6 shows the result from Design 2b.  The main difference between this and 
Design 2a is the addition of three wide-area HVDC lines on top of the 7 B2B interties. Tables 
5-6 and 5-7 show the total generation and transmission investments.  The major finding of 
this design is that the addition of 27 GW of HVDC transmissions above the existing B2B ties 
results in a decrease in B2B investments and a decrease in AC transmission requirements. 
This results is consistent with the general idea that HVDC reduces the need for AC 
transmission when a large footprint is considered.  
 
 
Figure 5-6: Design 2b - Total Generation and Transmission Investments 
  
 
 
83 
 
 
Table 5-6: Summary of new investments (Design 2b - Base) 
Technology MW 
Transmission. AC 234,770 
Transmission DC 35,936 
Wind 393,233 
Solar 172,081 
Gas 34,685 
 
Table 5-7: Total HVDC investment in Design 2b 
B2B Facility MW 
BLACKWATER-ACDC 34.4 
EDDYACDC 138.4 
LAMAR-ACDC 2074.9 
MC-ACDC 1119.4 
RC-ACDC 1389.0 
SIDNEY-ACDC 1054.9 
STEGAL-ACDC 1681.9 
Cross-Transmission HVDC 3×9481.3 
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5.6. Design 3: Macro-grid overlay 
Finally, Figure 5-7 shows the new investments resulted from Design 3. The 
total amount of generation and transmission investments is shown in Tables 5-8 and 
5-9. The main difference between Design 3 and the rest is its ability to displace 
generation required to meet future PRM (as presented in table 5-2) and reduce the 
AC transmission required to upgrade the existing B2B ties. A unique feature of this 
design is that all HVDC lines have the same capacity, a characteristic that allows the 
macro-grid to withstand the loss of one HVDC line and still be able to operate under 
emergency conditions. Under base assumptions, Design 3 outperforms other designs 
in terms of economic and reliability. 
 
 
Figure 5-7: Total Generation and Transmission Investments 
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Table 5-8: Total investments by technology (Design 3 - Base) 
Technology MW 
Tx. AC 195,128 
Tx. DC 125,824 
Wind 392,769 
Solar 169,638 
Gas 37,951 
Table 5-9: New HVDC investments 
HVDC MW 
Capacity/segment 8,389.5 
Total capacity 15×8389.5 
 
5.7. Robust AC upgrades 
Figure 5-8 shows the lines with investments above 0 GW of capacity that were 
observed in every design.  These are referred to as “robust AC upgrades”.  As observed in the 
previous sections, lines connecting major wind hubs with load centers are built on every 
design. Figure 5-9 illustrate the concept of robust AC line investments, but only lines which 
capacity is above 1 GW are considered.  In this case, major AC transmission is observed 
from MN and IA to the North-East coast and from SPP to the South-East region of the US. 
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On the WI side, robust AC upgrades occur near the load centers.  These include California, 
Washington, Utah and Colorado. 
 
Figure 5-8: Robust AC transmission investments (>0 GW) 
 
 
Figure 5-9: Robust AC transmission investments (>1 GW) 
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5.8. Power flow maps 
In order to support the discussion presented in the previous section, a power flow map 
for the three peak-load blocks and one for the energy block of Designs 2a and 3 are included. 
Figures 5-10 to 5-14 show the power flow maps related to Design 3. As it can be seen from 
the maps showing how the power flow across the US when each of the RSG is peaking, the 
value of capacity sharing results in major HVDC transmission for Design 3 and major AC 
upgrades within SPP in Design 2a.  Although the energy flow map in both Designs show that 
most of the time the power flows from the WI to the EI, during peak-load times, power flows 
will be determined by the demand level of neighbor regions when a particular region is 
peaking. These maps confirm the value of net-load diversity from a co-optimized CEP 
framework. 
Design 1 
 
Figure 5-10: Power flow during NWPP’s peak (Base Design) 
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Figure 5-11: Power flow during CAISO’s peak (Base Design) 
 
Figure 5-12: Power flow during MISO’s peak (Base Design) 
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Figure 5-13: Power flow during SERC’s peak (Base Design) 
 
Figure 5-14: Average energy flow (Base Design) 
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Design 2a 
 
Figure 5-15: Power flow during NWPP’s peak (Base Design) 
 
 
Figure 5-16: Power flow during CAISO’s peak (Base Design) 
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Figure 5-17: Power flow during MISO’s peak (Base Design) 
 
 
Figure 5-18: Power flow during SERC’s peak (Base Design) 
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Figure 5-19: Average energy flow (Base Design) 
5.9. Summary 
In this chapter, results from the Base case for each design were compared. Under a 
$3/MTON/year carbon tax policy and if RSGs are allowed to share reserves to meet PRM 
obligations (this will require a policy change) and operating reserves requirements (this will 
require a market modification), all designs pay for themselves and are above FERC’s 
suggested 1.25 minimum for interregional transmission lines. From an economic perspective, 
Design 3 outperforms other designs. 
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CHAPTER 6. CO-OPTIMIZED DESIGNS UNDER CURRENT POLICY 
ASSUMPTIONS 
6.1. Introduction 
In this chapter, a co-optimized CEP is developed for all four designs under the 
following assumptions:  
1. Assumption 1: State-level RPS is enforced as shown in Fig. 6-1. 
2. Assumption 2: No carbon tax 
3. Assumption 3: RSGs are allowed to share reserves to meet operating reserve 
requirements and PRM obligations. 
The rest of this chapter is organized as follows. A summary of the economic results 
and performance metrics are included in Section 2. Section 3-6 includes the results that are 
unique to each design. Finally, a robustness AC transmission plot is included in Section 7 to 
compare with Base design assumptions.  
 
 
Figure 6-1: RPS by State 
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6.2. Fundamental Results 
 Table 6-1 shows the breakdown of the objective function for all four designs.   One of the 
major findings from this case is that although all designs pay for themselves, the B/C ratio is 
below FERC’s suggested minimum (1.25) for interregional transmission lines for Designs 2b 
and 3.  These results confirm that cross-seam transmission using HVDC is economically 
viable even under current policy conditions.  
Table 6-1: Economic Summary 
ECONOMICS 
NPV $B Design 1 
Design 
2a Delta 
Design 
2b Delta Design 3 Delta 
Line Investment  
Cost 23.50 26.69 3.19 31.50 8.00 37.70 14.20 
Generation Investment Cost 493.60 494.70 1.10 492.50 -1.10 494.20 0.60 
Fuel  
Cost 855.10 852.70 -2.40 851.20 -3.90 845.60 -9.50 
Fixed O&M  
Cost 416.40 415.60 -0.80 413.70 -2.70 413.80 -2.60 
Variable O&M  
Cost 81.00 81.10 0.10 81.20 0.20 81.20 0.20 
Carbon  
Cost 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Regulation-Up  
Cost 31.60 30.97 -0.63 31.13 -0.47 30.02 -1.58 
Regulation-Down  
Cost 45.10 44.20 -0.90 44.42 -0.68 42.85 -2.26 
Contingency  
Cost 23.90 23.42 -0.48 23.54 -0.36 22.71 -1.20 
Total Non-Xm 
Cost (Orange) 2,011.7 2,010.6 -4.01 2,007.5 -9.01 2,001.5 -16.34 
15-yr B/C Ratio 
(Orange/Blue)   1.26  1.13  1.15 
Perpetuity (post-2038 Op) 
Cost 850.12 833.12 -17.00 822.07 -28.05 807.62 -42.51 
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The emissions per year for all four designs are shown in Fig. 6-2. The same 
interrelationships between designs observed in the base designs are also shown in the Current 
Policy designs. Although no carbon tax is enforced in this case, both the state-level RPS and 
the low LCOE for wind and solar reduces CO2 emissions in the 15-year time frame.  Figure 
6-3 shows the retirements by design.  
 
 
Figure 6-2: Emissions by year (Current Policy) 
 
Figure 6-3: Retirements by technology (Current Policy) 
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6.3. Design 1: No B2B Upgrades 
Figure 1-4 shows the generation and transmission investments of Design 1.  In contrast to 
the Base Design 1, when the RPS is imposed on a state-wide level (Current Policy), rather 
than on a National level, the model identifies solar as more economic than the wind plus 
transmission option. The reason is that each state must comply with a particular percentage 
of renewable generation, and this limits the amount of export capability. Table 6-2 and 6-3 
include the total amount of generation and transmission builds. 
 
 
Figure 6-4: Design 1: No B2B Upgrades (Current Policy) 
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Table 6-2: Summary of investments: Design 1 (Current Policy) 
Technology MW 
Transmission AC 92,344 
Transmission AC 0 
Wind 225,581 
Solar 209,744 
Gas 27,381 
 
6.4. Design 2a: No B2B Upgrades  
In Design 2a, a significantly decrease in B2B investments is resulted in this scenario, 
compared to the Base Design.  More solar is invested near the coasts in both 
interconnections. This is consistent with the RPS map shown in Fig. 6-1.  The model is 
building wind and solar resources in states with high RPS (e.g., NY, CA, and WA). The 
secondary effect of allowing this constraint is a reduction in Seams transmission and a higher 
long-term planning cost.  Tables 6-3 and 6-4 show a breakdown of the total investments per 
technology. 
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Figure 6-5: Design 2a: B2B Upgrades (Current Policy) 
 
Table 6-3: New investments: Design 2a (Current Policy) 
Technology MW 
Transmission AC 94,798 
Transmission AC 6,682 
Wind 229,499 
Solar 202,095 
Gas 27,268 
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Table 6-4: New investments: Design 2b (Current Policy) 
B2B Facility MW 
BLACKWATER-ACDC 114.5 
EDDYACDC 198.9 
LAMAR-ACDC 1355.0 
MC-ACDC 1,634.9 
RC-ACDC 1,009.4 
SIDNEY-ACDC 851.2 
STEGAL-ACDC 1,518.4 
 
6.5. Design 2b: Upgraded Seams  
A similar generation investment pattern is observed in Design 2b.  However, more solar 
is observed in locations Tables near the HVDC terminals.  
 
Figure 6-6: Design 2b: Upgraded Seams (Current Policy) 
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Table 6-5: Total Investments - Design 2b (Current Policy) 
Technology MW 
Transmission AC 89,391 
Transmission AC 20,661 
Wind 232,021 
Solar 201,828 
Gas 25,883 
 
Table 6-6: Total HVDC investments - Design 2b (Current Policy) 
B2B Facility MW 
BLACKWATER-ACDC 93.8 
EDDYACDC 176.3 
LAMAR-ACDC 1021.3 
MC-ACDC 1774.7 
RC-ACDC 915.8 
SIDNEY-ACDC 848.8 
STEGAL-ACDC 1493.6 
Cross-Tx. HVDC/line 4,779.0 
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6.6. Design 3: Macro-grid overlay 
The macro-grid overlay also shows high solar investments near the HVDC terminals 
when the state-level RPS is enforced. Tables 6-7 and 6-8 show the total investments by 
technology.  Although a significant decrease in HVDC is observed compared to the base 
design, the model still identifies economic potential for 3.5 GW/per segment of new HVDC 
transmission.   
Table 6-7: Total HVDC investments - Design 3 (Current Policy) 
HVDC MW 
Capacity/segment 3,861 
 
 
Figure 6-7: Total Generation and Transmission Investments 
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Table 6-8: Total Investments - Design 3 (Current Policy) 
Technology MW 
Transmission AC 84,075 
Transmission DC 57,915 
Wind 229,683 
Solar 208,960 
Gas 26,323 
6.7. Robust AC transmission 
The robust AC transmission lines above 0 GW and 1 GW are included in Figs. 6-8 and 6-9.  
The number of robust AC upgrades significantly reduces compared to the Base designs. This 
is mainly driven by the high solar investments (local generation resource) near the load 
centers of each interconnection. An interesting observation from these plots is the 
identification of major AC upgrades going from the Midwest to the East coast and near the 
load centers in the Western Interconnection. This results suggests that under both current 
policy and base design conditions, these transmission lines have high economic potential.  
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Figure 6-8: Robust AC upgrades (capacity > 0 GW) 
 
 
Figure 6-9: Robust AC upgrades (capacity > 1 GW) 
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 Finally, the creditable capacity of each design is included in Table 6-9.  This table confirms the value of 
capacity sharing and net-load diversity when HVDC lines on top of the AC system are built.   
Table 6-9: Creditable Capacity (Current Policy) 
Design Total Creditable Capacity (MW) 
Delta 
(MW) 
Cross-Seam HVDC 
Transmission (MW) 
Deferred 
Generation/ 
HVDC 
D1 857,500 N/A N/A N/A 
D2a 846,000 -11,500 7,000 1.6 
D2b 822,500 -35,000 20,000 1.8 
D3 830,100 -27,400 58,000 0.47 
6.8. Summary 
In this chapter, results from the Current Policy case for each design were compared. 
Under a $0/MTON/year carbon tax policy and state-level RPS enforcement, all designs pay 
for themselves, but only Design 2a is above FERC’s suggested 1.25 minimum for 
interregional transmission lines. From an economic perspective, Design 2a outperforms other 
designs. 
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CHAPTER 7. ROBUSTNESS OF CO-OPTIMIZED BASE DESIGNS 
7.1. Introduction 
The following sensitivities were performed to test the robustness of each design under 
futures uncertainties: 
1. Low Gas Sensitivity 
2. No Carbon Tax Sensitivity 
3. RPS 
4. No Sharing 
5. Number of blocks 
These sensitivities are compared against base design conditions. That is, a 3$/MTON 
carbon tax is imposed at the national level and the state-level RPS is neglected. In order to 
better understand the effect of future sensitivities on investments, a graphical representation 
of the contiguous US grid divided in sub-seams is included.  These sub-seams are defined 
based on their distance from the EI-WI seam (dashed line in red).  A description of each sub-
seam in included below:  
• Western Interconnection 
o W3 sub-seam: Covers the states located near the Pacific coast (California, 
Nevada, Oregon, and Washington) 
o W2 sub-seam: Covers the states located in the Mountain Standard time-
zone (Utah, Arizona, Montana). 
o W1 sub-seam: Include states near the EI-WI seam (Colorado, New 
Mexico, Montana). 
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• Eastern Interconnection 
o E3 sub-seam: Cover the states near the EI-WI seam (North Dakota, South 
Dakota, Kansas, Arkansas, Oklahoma). 
o E2 sub-seam: Includes the states of Minnesota, Iowa, Illinois, Missouri, 
Wisconsin, and New Orleans. 
o E1 sub-seam: Cover the states in the US East coast.  
 
 
Figure 7-1: Conceptual Representation of Sub-Seams 
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7.2 Design 1: No B2B Upgrades 
This section includes include the differences in generation expansion between 
sensitivities, compared to the base design. Figure 7-2 illustrate the changes in wind, solar and 
gas investments when each RSG must comply with the PRM obligation using local 
resources.   
 
 
Figure 7-2: Design 1 - No Sharing 
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Figure 7-3: Design 1 - Low Gas 
 
Figure 7-4: Design 1 - Current Policy 
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Figure 7-5: Design 1 - No CO2 tax 
 
Figure 7-6: Design 1 - RPS 
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7.3 Design 2a: B2B Upgrades 
This section includes include the differences in generation expansion between 
sensitivities, compared to the base design. Figure 7-2 illustrate the changes in wind, solar and 
gas investments when each RSG must comply with the PRM obligation using local 
resources.   
 
 
Figure 7-7: Design 2a - No Sharing 
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Figure 7-8: Design 2a – Low Gas 
 
Figure 7-9: Design 2a - Current Policy 
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Figure 7-10: Design 2a - No CO2 Tax 
 
Figure 7-11: Design 2a - RPS 
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7.4 Design 2b: Upgraded Seams 
This section includes include the differences in generation expansion between 
sensitivities, compared to the base design. Figure 7-2 illustrate the changes in wind, solar and 
gas investments when each RSG must comply with the PRM obligation using local 
resources.   
 
 
Figure 7-12: Design 2b - No Sharing 
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Figure 7-13: Design 2b - Low Gas 
 
Figure 7-14: Design 2b - Current Policy 
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Figure 7-15: Design 2b - No CO2 Tax 
 
Figure 7-16: Design 2b - RPS 
 (150,000) 
 (100,000) 
 (50,000) 
 -    
 50,000  
 100,000  
 150,000  
N
et
-I
nv
es
te
d 
G
en
er
at
io
n 
C
ap
ac
ity
 
(M
W
) 
Design 2b (No CO2 Tax - Base) 
WIND SOLAR GAS 
 (150,000) 
 (100,000) 
 (50,000) 
 -    
 50,000  
 100,000  
 150,000  
N
et
-I
nv
es
te
d 
G
en
er
at
io
n 
C
ap
ac
ity
 
(M
W
) 
Design 2b (RPS - Base) 
WIND SOLAR GAS 
 
 
116 
 
 
7.5 Design 3: Macro-grid Overlay 
This section includes include the differences in generation expansion between 
sensitivities, compared to the base design. Figure 7-2 illustrate the changes in wind, solar and 
gas investments when each RSG must comply with the PRM obligation using local 
resources.   
 
 
Figure 7-17: Design 3 - No Sharing 
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Figure 7-18: Design 3 - Low Gas 
 
Figure 7-19: Design 3 - Current Policy 
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Figure 7-20: Design 3 - No CO2 Tax 
 
7.6 Summary 
In terms of transmission investments, each policy influences cross-seam transmission 
between the EI and WI in a different way.  Cross-seams transmission between the EI and WI 
ranges between 7GW to 37GW as shown in Fig. 7-25. This results suggests that it is 
economic to increase the existing capacity between the EI and WI by 5 times and as high as 
37 times. 
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Figure 7-21: Transmission Upgrade per Sensitivity - Design 1 
 
Figure 7-22: Transmission Upgrades per Sensitivity - Design 2a 
 
Figure 7-23: Transmission Upgrades by Sensitivity - Design 2b 
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Figure 7-24: Transmission Upgrade per Sensitivity - Design 3 
 
 
Figure 7-25: Range of Cross-Seams Transmission Capacity 
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CHAPTER 8. CONCLUSIONS 
This dissertation explored the economic benefits of increasing transmission capacity 
between the EI and WI.  Although the “cross-seam” transmission capacities observed in all 
four designs are sensitive to policy considerations, the sensitivity analysis showed that all 
designs pay for themselves in 15-years (B/C above 1).  Furthermore, it was proven that 
capacity sharing creates economic value and drives HVDC investments regardless of future 
assumptions.  The expectation that renewables will achieve much lower CAPEX and better 
performance (100-m wind towers and more efficient solar PV panes) in the next 20 years 
suggests that connecting the EI and WI using HVDC will be economically feasible in the 
near future.  
The contributions of this dissertation are:  
1) Development of an analytical CEP model that accounts for diurnal load diversity, 
annual load diversity, wind diversity, solar diversity, capacity sharing and operating 
reserves sharing. 
2) Development of an industry-vetted database for the US Eastern and Western 
Interconnections, which include existing and candidate generation/transmission 
operational and investment data.  
3) Development of four base designs for the US grid without and with capacity sharing. 
4) Evaluated the robustness of each design by performing model-level sensitivities on 
the number of energy blocks, peak blocks and transmission candidate lines and 
quantify the robustness of futures uncertainties.  
 
 
122 
 
 
5) Assessed and analyzed the implications of future sensitivities on co-optimized 
investment decisions. 
This work can be extended as follows:  
1) Computational time: Decompose the formulation of the CGT-Plan using Bender’s 
decomposition, or other methods suitable for large-scale models. 
2) Transmission Expansion Planning (TEP) model: Re-formulate the CGT-Plan model 
as a MILP to account for the effects of changing impedances. 
3) Generation Expansion Planning (GEP) model: Extend the retirements formulation to 
account for the lifetime of existing generation resources.  
4) Capacity Credit: Include a dynamic capacity credit constraint to account for the 
changes in capacity contribution of wind/solar resources as a function of renewable 
penetration levels.  
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APPENDIX: LINEARIZATION OF THE REGULATION RESERVES INEQUALITY 
CONSTRAINT 
Under the assumption that forecasting errors of wind, solar, and load at the continent 
level are independent and normally distributed, the standard deviation of the net-load can be 
approximated as shown in Eq. (A-1). 𝜎!" = (𝜎!(𝑡))! + (𝜎!(𝑡))! + (𝜎!(𝑡))!   (A.1) 
where 𝜎! is the standard deviation of load at year t, 𝜎! is the standard deviation of 
wind at year t, and 𝜎! is the solar standard deviations at year t. The linear approximation 
presented in (Krishnan, et al., 2013) is defined as:  𝐿! +𝑊 ≈ 𝐿 + !!!     (A.2) 
The variance of load, wind, and solar can be defined as:  
 𝜎!(𝑡)! = (𝜎! 𝑡 − 1 )!×(1+ 𝛾 𝑡 )!   (A.3) 𝜎!(𝑡)! = (𝜎!(0))!× !"!"!"#$(!)     (A.4)  𝜎!(𝑡)! = (𝜎!(0))!× !"#$!"#$(!)     (A.5) 
where 𝛾 𝑡  is the load growth load per year, (𝜎!(0))! is the standard deviation of 
wind in year t=0, (𝜎!(0))!is the standard deviation of solar in year t=0, 𝐶𝑎𝑝𝑊 is the 
nameplate capacity  of wind in year t=0, 𝐶𝑎𝑝𝑆 is the nameplate capacity of solar in year t=0. 
Assuming that: 𝜎! = 𝐿     (A.6) 𝜎!(𝑡)! + 𝜎!(𝑡)! =𝑊    (A.7) 
 
Equations A.6 and A.7 can be substituted into A.1 and a linear relationship is 
achieved.  The above linearization was developed in collaboration with Dr. Ali Jahanbani. 
 
